Introduction
============

Esophageal adenocarcinoma (EAC) is a malignancy with increasing incidence and poor overall 5-year survival [@JR1341-1] [@JR1341-2] . Historically, esophagectomy has been the treatment of choice for early stage EAC; however, endoscopic therapy is rapidly gaining acceptance as patients seek to avoid surgical complications [@JR1341-3] [@JR1341-4] . Studies comparing endoscopic mucosal resection (EMR) to esophagectomy for T1 stage EAC demonstrate comparable long-term outcomes with fewer complications [@JR1341-5] [@JR1341-6] . However, accurate staging is critical to selecting the appropriate therapeutic approach, as T1b EAC is associated with a higher rate of lymph node metastasis (LNM). Consequently, T1b EAC is generally managed surgically, while T1a EAC can be endoscopically resected with curative intent [@JR1341-7] .

EMR currently serves as the standard endoscopic method for staging T1 EAC, as it assesses depth of invasion more accurately than mucosal biopsies and provides other prognostic determinants, including grade of differentiation and lymphovascular invasion [@JR1341-8] [@JR1341-9] . However, EMR is invasive and associated with a small but non-negligible risk for complications, including bleeding, perforation, and stricture formation [@JR1341-10] . As a result, endoscopic imaging has been studied in a putative adjunctive role in guiding endoscopic resection. High-frequency endoscopic ultrasound (EUS) lacks the depth resolution to differentiate T1a from T1b disease, demonstrating staging accuracy of only 65 % to 85 %. Rather, EUS is best utilized to evaluate for LNM in cases where EMR has already established T1b disease. Thus, current society guidelines suggest that EUS not be utilized routinely prior to EMR in staging early or T1 EAC [@JR1341-11] .

Optical coherence tomography (OCT) is a novel technology used for esophageal imaging in which an infrared laser is aimed at the tissue of interest and each cellular structure contained within exhibits differential absorption and reflection. The reflected light is detected as "back-scattering" and generates a digital signal that is reconstructed into a visible image. The principal advantage of OCT is its spatial resolution of 7 to 20 μm, which vastly exceeds that of EUS, and its ability to perform wide-field imaging. Volumetric laser endomicroscopy (VLE) is a second-generation application of endoscopic probe-based OCT in which a probe centered within a balloon undergoes automated helical pullback to image a 6-cm segment of the esophagus in real-time, allowing for rapid wide-field imaging of the esophageal microstructure to a depth of \~3 mm and an axial resolution of 7 μm.

Existing studies of VLE have consistently demonstrated that EAC is characterized by a lack of mucosal layering, a homogenous subsurface architecture, and increased surface signal intensity [@JR1341-12] [@JR1341-13] . Although a growing body of literature suggests that VLE accurately identifies dysplasia in Barrett's esophagus [@JR1341-14] , the role of VLE for staging T1 EAC has not been examined. Thus, we sought to identify quantitative VLE image characteristics that would distinguish T1a from T1b EAC and predict other prognostic determinants.

Patients and methods
====================

Patient selection and endoscopic resection
------------------------------------------

Patients referred for evaluation at a tertiary-care Barrett's esophagus (BE) unit at the Mayo Clinic in Rochester, Minnesota, United States were prospectively consented and enrolled from 2014 to 2016. EMR was conducted as clinically indicated. EMR specimens were obtained by a single endoscopist (K.K.W.) with extensive experience in the endoscopic management of EAC, utilizing the cap-snare (Olympus USA, Center Valley, Pennsylvania, United States) or band-ligation technique (Duette, Wilson-Cook Medical, Winston-Salem, North Carolina, United States). Inclusion criteria consisted of a pathologic diagnosis of EAC staged as T1 by an expert gastrointestinal pathologist (T.C.S). T1b EAC was defined histologically by submucosal invasion, with T1a confined to the mucosal layer. For the purposes of this study, when submucosal tissue was absent and the deep margin was positive, the specimen was classified as T1b given the associated higher risk of LNM compared to specimens with a negative deep margin. Analyses were carried out on a per-specimen basis. This protocol was approved by the Institutional Review Board.

VLE imaging and scan selection
------------------------------

EMR specimens were imaged using second-generation Nvision VLE (NinePoint Medical, Bedford, MA) immediately after resection, as previously described [@JR1341-13] . Briefly, EMR specimens were rinsed with phosphate-buffered saline and placed in a custom-built holding device to minimize movement during imaging. Specimens were then submitted for histopathologic evaluation in the standard method.

Ex-vivo EMR image análisis
--------------------------

All VLE image analysis was conducted in the Fiji distribution of ImageJ [@JR1341-15] . For image analysis, signal intensity refers to the "brightness" of a pixel on a 0 -- 255 grayscale, while signal attenuation refers to the decrease in signal intensity over distance (i. e. depth) and is quantified in units of dB/mm. Image analysis methods are depicted in Fig 1.

Cross-sectional signal intensity analysis
-----------------------------------------

To analyze the individual signal intensity pattern as a function of depth for each EMR, VLE scans were converted into a stack of 8-bit grayscale image files ( [Fig. 1a](#FI1341-1){ref-type="fig"} ). To account for the curvilinear contour of the balloon surface, a custom plugin was applied to the image stack, wherein the contour of the balloon was flattened and pegged to the edge of the image (  [Fig.1b](#FI1341-1){ref-type="fig"} ). Thus, the two-dimensional relationship between pixels was preserved. A region of interest (ROI) was created around the EMR specimen to avoid measurement of signal from surrounding artifact. The PlotProfile plugin was then utilized to measure average signal intensity across the entire EMR specimen at each pixel of depth ( [Fig. 1c](#FI1341-1){ref-type="fig"} ).

![Image analysis methods. Cross sectional analysis is depicted in panes **a -- c** , en-face analysis in panes **d -- f** . **a** A single ex-vivo cross-sectional EMR image from within a stack of image slices through the specimen. **b** Each image was flattened by an algorithm, with preservation of the two-dimensional pixel relationship.  **c** The signal plot profile for the image in pane **b** . Y-axis is the absolute signal intensity and x-axis is depth in pixels. At each pixel of depth (i. e. from the balloon surface), signal intensity was averaged across the specimen (left-to-right). **d** En-face reconstruction of the EMR. Pixel intensity in this image represents the slope of signal attenuation (dB/mm). **e** The EMR image was filtered through median and mean filters and a 20 × 20 pixel grid overlayed, **f** with the point of greatest signal attenuation (white asterisk) delineating the region of cancer.](10-1055-a-0838-5326-i1341ei1){#FI1341-1}

In an effort to provide complete resection, EMR specimens frequently contain adjacent noncancerous tissue. Because the signal intensity analysis described above inherently includes all tissue types contained in the EMR, we endeavored to identify and analyze only the region of EAC within the specimen in an en-face orientation. EAC uniformly exhibits a higher VLE surface signal intensity and signal attenuation than normal squamous epithelium and can be reliably distinguished by locating the area of highest attenuation [@JR1341-13] .

En-face signal intensity analysis
---------------------------------

VLE scans were processed using en-face reconstruction software (Nine Point Medical, Bedford, Massachusetts, United States) that mapped the signal intensity across each specimen at specified levels of depth. In contrast to the cross-sectional approach, this would be akin to looking down on the resected specimen from above. Using the results of cross-sectional analysis, we identified the depth of maximal signal intensity difference between T1a and T1b specimens. Using the en-face image at this depth, the area of the EMR was manually traced to create a ROI and avoid measurement of surrounding structures (e. g. cork, fluid, etc.) ( [Fig. 1d](#FI1341-1){ref-type="fig"} ). The en-face image was processed through a 20 × 20 pixel median filter and mean filter with 5 pixel radius ( [Fig. 1e](#FI1341-1){ref-type="fig"} ). A grid of 20 × 20 pixel squares was then overlaid on the image. The mean signal intensity in each of the squares was calculated and the value and location of the maximum signal intensity was recorded ( [Fig. 1f](#FI1341-1){ref-type="fig"} ).

En-face signal attenuation analysis
-----------------------------------

A similar ROI analysis was conducted using en-face reconstructions that mapped the signal attenuation pattern across each specimen. Mean signal attenuation in each of the squares was calculated and the value and location of the maximum signal attenuation was recorded.

Pathologic correlation
----------------------

All EMR specimens were re-examined by a gastrointestinal pathologist blinded to VLE analysis data. For the purposes of statistical analysis, grade of differentiation was dichotomized as well-differentiated and poor/moderately differentiated.

Statistical analysis
--------------------

Statistical analysis was conducted in JMP version 10, RStudio ^5^ version 1.0.153, and R version 3.4.2. Descriptive statistics were recorded as mean ± standard deviation (SD) and median ± interquartile range (IQR). Average signal intensity measurements at each pixel of depth and maximum mean signal attenuation values were averaged for each EAC subtype. Mean signal intensity values were compared between T1a and T1b groups at each pixel of depth using the student's *t* -test. Mean signal attenuation values were compared between T1a and T1b groups using the Mann-Whitney-U test.

A logistic regression model was implemented to determine the optimal signal attenuation threshold for differentiating T1a from T1b EAC. Logistic regression models were then constructed to analyze whether signal attenuation slope was predictive of both EAC stage and grade of differentiation. Finally, a decision-tree model was constructed, incorporating signal attenuation slope, average and maximum signal intensity at each level of specified depth in the ROI analysis above, and histologic grade. A bootstrap adjusted area under the curve (AUC) was estimated for each model using 1000 bootstrap samples. All statistical tests were two-tailed and a *P* value \< 0.05 was used to denote statistical significance.

Results
=======

Patients
--------

A total of 30 EMR specimens were obtained and imaged with VLE. 15 T1a specimens (mean size 10.9 mm ± 1.9) were obtained from nine patients and 15 T1b specimens (mean size 11.5 mm ± 3.6) from nine patients. Four patients underwent resection of a gastroesophageal junction mass without evidence of surrounding BE. Five patients underwent resection of a nodule or mass occurring in the setting of short-segment BE. The remaining seven patients underwent resection of a nodule or mass occurring in the setting of long-segment BE (median 10 cm). In two instances, separate resection specimens from the same patient contained both T1a and T1b and were analyzed as such. All lesions were Paris classification IIa, IIa + IIc, or Is. A single lesion had a broad-based pedical and was thus categorized as Paris Ip. A full description of endoscopic, clinical, and VLE parameters for each specimen is available in **supplemental Table  1** (see supplementary information).

Signal intensity analysis
-------------------------

Due to technical constraints, VLE scans from two EMR specimens (one T1a and one T1b) were excluded from the cross-sectional image analysis. When aggregated, the remaining EMR scans yielded 2,170 T1a and 2,210 T1b individual VLE images. The quantitative signal intensity analysis is displayed in [Fig. 2](#FI1341-2){ref-type="fig"} . In both groups, signal intensity was highest at the balloon surface and decayed rapidly over the depth of the specimen. However, the T1b scans displayed significantly higher signal intensity at every pixel of depth up to 200 pixels (840 µm) deep ( *P*  \< 0.0001).

![Representative images of signal intensity patterns in **a** T1a and **b** T1b EMR VLE scans. **c** Cross-sectional image intensity analysis. Average signal intensity as a function of depth for T1a and T1b specimens. *P*  \< 0.0001 at all pixels of depth. Box with dotted line represents area of greatest difference in signal intensity, 150 µm mark signified by solid line.](10-1055-a-0838-5326-i1341ei2){#FI1341-2}

On cross-sectional signal intensity analysis, a greater difference existed between T1a and T1b signal intensity from approximately 67 to 294 µm of depth. To account for tissue heterogeneity, we constructed an en-face map of signal intensity across the specimen at 150 µm, the point approximating the largest difference between the curves. At 150 µm, mean (± SD) signal intensity for T1a specimens was 109.5 AU (Arbitrary Units) (± 15.5) and for T1b specimens was 123.4 AU (± 13.9). These images were then analyzed as outlined above to identify the ROI of greatest intensity. Within this ROI, both the average signal intensity and the maximal value were calculated and results are displayed in [Fig. 3](#FI1341-3){ref-type="fig"} . Both average and maximal intensity were significantly higher in T1b specimens ( *P*  \< 0.001).

![Signal intensity plots for the ROI en-face signal intensity analysis. Mean signal intensity represents the mean value of the grid box containing the highest intensity value. Maximum represents the pixel with highest signal intensity within the highest intensity grid box.](10-1055-a-0838-5326-i1341ei3){#FI1341-3}

Signal attenuation analysis
---------------------------

Results of quantitative signal attenuation analysis are displayed in [Fig. 4](#FI1341-4){ref-type="fig"} . The mean (± SD) signal attenuation for T1a and T1b specimens were 6.2 (± 1.3) dB/mm and 8 (± 2.1) dB/mm, respectively ( *P*  = 0.03). Signal attenuation values were analyzed in comparison to EAC stage to generate an optimal diagnostic threshold. Diagnostic accuracy for T1b EAC was maximized at two separate threshold values of 8 dB/mm and 6.5 dB/mm. At 8 dB/mm, specificity was maximized at 93.3 % (95 % CI 82.7 -- 100 %) with a false-positive rate (i. e. T1b erroneously suggested by VLE) of only 12.5 %, but at a cost to sensitivity (46.7 %; 05 % CI 25.3 -- 68 %). Conversely, at 6.5 dB/mm, sensitivity was maximized at 80 % (95 %CI 62.9 -- 97.1 %), but at a cost to specificity (60 %; 95 % CI 39 -- 92 %).

![Box-and-whisker plot of signal attenuation values for T1a and T1b EMR VLE scans.](10-1055-a-0838-5326-i1341ei4){#FI1341-4}

A logistic regression analysis of T1 EAC stage and grade of differentiation was used to estimate the predictive capacity of signal attenuation. Signal attenuation slope was associated with a significantly increased odds ratio of 1.04 for stage ( *P*  = 0.034, 95 % CI 1.01 -- 1.08) when controlling for grade of differentiation. These findings suggest that odds of increased stage (T1b vs. T1a) increase by 4 % with every unit increase in signal attenuation slope (equivalent to each 0.06 dB/mm). In a logistic regression model, the bootstrap adjusted AUC for stage controlling for grade of differentiation was 0.67 (95 % CI 0.45 -- 0.88).

Prediction of other histologic features
---------------------------------------

In addition to assessing the T1 EAC stage, a logistic regression analysis was conducted to assess the predictive capacity of signal attenuation for grade of differentiation (well vs. moderate/poorly differentiated). When controlling for T1 stage, signal attenuation slope was associated with a significantly increased odds ratio of 1.04 for grade of differentiation ( *P*  = 0.048, 95 % CI 1 -- 1.08). Representative VLE and histologic images are shown in [Fig. 5](#FI1341-5){ref-type="fig"} . Similar to the relationship to T1 stage, odds of a lower grade of differentiation increase by 4 % with every unit increase in signal attenuation slope, with a bootstrap adjusted AUC of 0.68 (95 % CI 0.47 -- 0.91). Only a single patient in our cohort was found to have LVI, precluding any statistical analysis.

![Representative VLE **a, c** and histopathology **b, d** images demonstrating the relationship of signal attenuation slope to grade of differentiation. The top and bottom samples contain moderately-differentiated and well-differentiated EAC, respectively.](10-1055-a-0838-5326-i1341ei5){#FI1341-5}

Multifactor prediction model
----------------------------

A decision-tree model was utilized to combine all collected data from both VLE and pathologic analysis. Signal attenuation slope was chosen by the model as the most informative predictor of EAC stage, followed by average signal intensity at 150 µm. A signal attenuation threshold of 8 dB/mm was chosen by the model as the best predictor of EAC stage, with higher values signifying T1b and lower values T1a. An average signal intensity threshold at 150 µm of 137 AU was chosen by the model as the most informative predictor in cases where signal attenuation was less than 8 dB/mm, again with higher values signifying T1b EAC. Cases with signal attenuation \> 8 dB/mm were not further divided by the model. The model was associated with a bootstrap adjusted AUC of 0.77 (95 % CI 0.063 -- 0.92).

Subset analysis
---------------

Three specimens (2 T1a, 1 T1b) were found to have gastric mucosa present. After excluding these samples, the remaining 27 specimens were reanalyzed. In signal attenuation analysis, mean values for T1a and T1b were 6.5 dB/mm (± 1.1) and 7.8 dB/mm (± 2.1), respectively ( *P*  = 0.05). For the ROI signal intensity analysis at 150 µm, T1a and T1b remained significantly different for both mean and maximum values ( *P*  \< 0.001).

To exclude the possibility that other tissues types (e. g. non-dysplastic BE, BE-LGD, BE-HGD, and squamous epithelium) would affect the signal attenuation analysis, we also conducted an analysis limited to samples containing only EAC. This analysis was limited by sample size, with only 4 T1a and 10 T1b specimens. However, when comparing samples with only cancerous tissue to those containing other tissue types, there was no statistically significant difference in mean signal attenuation for T1a (6.1 vs. 6.3 dB/mm, *P*  = 0.81) and T1b (7.4 vs. 8.9 dB/mm, *P*  = 0.17) groups.

Discussion
==========

Patients with superficial EAC must be accurately staged to determine the appropriate therapeutic approach (i. e. endoscopic resection vs. esophagectomy). In this feasibility study, we used ex vivo VLE to demonstrate that T1a and T1b resection specimens exhibit quantitatively distinct signal intensity and attenuation profiles. Furthermore, grade of differentiation was notably associated with VLE signal attenuation, regardless of T1 stage. This is the first study to examine use of VLE in early EAC staging and suggests that the technology may serve a role in staging T1 EAC.

While many solid tumors are staged radiographically, EAC provides a unique challenge for radiographic staging because the rate of LNM and curative resection are tied to microscopic changes in tissue invasion depth. Data on the relationship between LNM and submucosal invasion are mixed, with some advocating unacceptable risk of LNM with endoscopic resection regardless of level of submucosal invasion [@JR1341-16] [@JR1341-17] [@JR1341-18] . Other recent studies have demonstrated lower LNM rates, particularly in sm1 (\< 500 µm) invasion, suggesting that endoscopic resection may be advantageous both from the standpoint of avoiding surgical complications and also because of an association with lower rates of metastatic disease [@JR1341-19] [@JR1341-20] [@JR1341-21] . Regardless, endoscopic resection of T1b EAC is currently confined to selected patients in expert centers and is not routinely encouraged [@JR1341-11] .

Given the critical importance of distinguishing T1a from T1b disease and the established accuracy of EUS for identifying and staging nodal disease in EAC [@JR1341-22] [@JR1341-23] , high-frequency ultrasonographic probes were initially investigated for T-staging of superficial EAC. Several studies have demonstrated a propensity for both over and under-staging of T1 EAC, with suboptimal accuracy [@JR1341-24] [@JR1341-25] [@JR1341-26] [@JR1341-27] [@JR1341-28] . Accuracy of VLE in staging T1 EAC in the current study is comparable to reported accuracy of high-frequency EUS for staging EAC is 65 % to 85 %. However, it should be noted that studies of EUS staging occurred primarily in vivo and this is an ex vivo feasibility study. Furthermore, high-frequency EUS probes differ from standard clinical echoendoscopes and are no longer routinely used for this indication. Further study of the in vivo application of the currentt model is required before a meaningful comparison can be made.

Our study is the first to demonstrate that VLE signal intensity and attenuation profiles differ quantitatively in T1a and T1b EAC. In signal intensity analysis, average signal intensity curves as a function of depth were statistically distinct throughout the entire depth of the imaged specimen. When an ROI was defined to localize the cancerous region within an EMR, signal intensity measures were also statistically distinct. Similarly, the slope of signal attenuation differed between EAC subtypes and was the feature most predictive of EAC stage.

While EAC staging is novel for VLE, OCT has been previously studied in staging of esophageal squamous cell carcinoma (SCC). Hatta and colleagues examined use of first-generation OCT for superficial SCC in over 180 patients [@JR1341-29] [@JR1341-30] and established criteria for predicting invasion into each esophageal layer on resection histopathology, with an overall accuracy of 90 % to 92.7 %. Tissue composition of SCC allows for deeper penetration of the OCT laser and, hence, better delineation of the involvement of each layer. By contrast, the VLE appearance of EAC is characterized by increased surface signal intensity and a homogeneous subsurface appearance with notable lack of tissue layering. This may be due to proliferation of malignant glands and desmoplastic stroma and a tumor microenvironment that inhibits laser penetration. For this reason, we chose to analyze the VLE features of signal intensity and attenuation in our study as a proxy for T-stage. We hypothesized that deeper invasion in T1b EAC would accentuate both features and that a quantitatively higher impediment to signal penetration would be observed, as was the case.

Although T1a and T1b specimens were quantitatively distinct, the diagnostic performance of VLE in this ex vivo feasibility study was modest. When signal attenuation alone was analyzed to determine a diagnostic threshold, a clear dichotomy occurred between maximizing sensitivity and specificity. Clinically, it would be most important for a staging modality in this setting to exhibit higher specificity, so as to avoid a false-positive result. This is because a "positive" finding would indicate T1b disease and suggest caution for endoscopic resection. Further study will be needed to clarify whether sm level can be predicted by VLE parameters. By contrast, a false-negative finding is less worrisome, as the endoscopist would likely resect the presumed T1a EAC, only to find T1b staging on EMR histopathology. Our analysis yielded a maximal AUC of 0.77 at a diagnostic threshold of 8 dB/mm. While this represents a specificity of 93.3 %, sensitivity was only 46.7 %.

This is the first study to demonstrate that VLE signal attenuation is associated with grade of differentiation in T1 EAC. Although depth of invasion is a critical prognostic marker, grade of differentiation is also closely tied to the rate of LNM in T1 EAC [@JR1341-7] [@JR1341-17] . Pathologically, grade of differentiation in EAC is classified by glandular formation in a directly proportional relationship [@JR1341-31] . As tumors become less differentiated, rather than glandular tissue, they are constituted by irregular, pleomorphic cells and adjacent desmoplastic stroma. These features may increasingly impede tissue penetration in VLE leading to increased signal attenuation.

This study has several important strengths, most notably its novelty and the rigor of quantitative VLE analysis performed. The majority of prior literature on VLE for the diagnosis of BE-related neoplasia is based on criteria for subjective interpretation. Although experts in VLE interpretation exhibit impressive interobserver agreement [@JR1341-32] for diagnosis of BE-neoplasia, these criteria have not been tested in community studies. In our study, VLE interpretation was entirely quantitative, objective, and did not incorporate any element of human decision-making. This is in keeping with a general trend towards quantitative analysis in VLE and development of computer-aided detection (CAD) algorithms to facilitate accessibility to the non-expert VLE endoscopist [@JR1341-33] [@JR1341-34] . The histological analysis was similarly rigorous, as slides were re-examined and important features confirmed.

We acknowledge several important limitations of this study. First, use of ex vivo EMR VLE scans limits the generalizability of our findings to in vivo application. Resected tissue exhibits cautery distortion artifact and rapidly undergoes cellular changes that may conceivably alter its optical properties [@JR1341-35] . While EMR was conducted by the same endoscopist and processed using the same protocol, all sources of possible variation could not be accounted for. EMR specimens invariably contain adjacent non-cancerous tissue which could have altered signal intensity analysis. Although we attempted to identify the region of cancer and conducted a separate ROI analysis, the precise location of EAC in an EMR cannot be definitively identified on VLE scans. We did conduct subset analyses excluding gastric mucosa and all other non-cancerous tissue types and the relationship between our measured variables was essentially preserved, with borderline statistical significance likely reflective of sample size. Presence of gastric mucosa was associated with bidirectional changes in signal intensity and attenuation, further arguing against a systematic bias. Nevertheless, future studies will need to identify a reliable method to delineate the GE junction and incorporate real-time laser marking to specify the resected region. Additionally, in all but one case, the resected EAC had been previously biopsied and the majority of these biopsies occurred within 3 months of the endoscopic resection (see **supplemental Table  1** ). Biopsies could have induced subtle scare formation within the cancer tissue, which may have altered the optical properties. Presumably, this alteration would have occurred consistently regardless of stage, but this alteration could not be factored into the analysis. Finally, the small sample size did not allow for analysis of other important prognostic indicators, such as lymphovascular invasion and margin positivity.

Conclusion
==========

In conclusion, the current study quantitatively analyzed VLE scans from ex-vivo EMR specimens in T1 EAC and demonstrated differential patterns of signal intensity and signal attenuation. Our results demonstrate reasonable accuracy for noninvasive diagnosis of T1 EAC stage and grade of differentiation, both important prognostic determinants in EAC. The derived diagnostic thresholds will require further prospective testing in a validation cohort, with expected refinement of the algorithm in the in vivo setting. Although preliminary, these findings suggest that VLE may provide the combination of wide-field imaging, depth of penetration, and spatial resolution to realize the potential for noninvasive staging in superficial EAC.
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